Aims: To investigate whether twinning occurs more frequently in residents in the vicinity of a toxic waste incinerator (TWI). Methods: Within a longitudinal environmental study that addressed child health second grade school children and their parents were recruited. The proportion of twinning in the TWI region was compared with two comparison areas. In a second confirmatory investigation, birth records for the years 1994-97 from the Hessian Perinatal Survey (HEPS) were accessed to determine whether the incidence of twinning was higher in regions around the TWI compared to adjacent reference areas. Results: In the environmental study, 61.5% of the children and 95% of their mothers participated. In mothers, twinning was 5.3% in the TWI region compared to 1.6% and 2.3% in the comparison regions.
T he majority of multiple births are twins. 1 2 Spontaneous twinning rates vary due to various determinants including mother's age, parity, ethnicity, genetic, and environmental factors. 3 Regional, seasonal, and time trends for differences in twin rates have been reported. [4] [5] [6] Only a few studies have addressed the potential association between waste incineration and twinning rates. [7] [8] [9] In developed countries rates for monozygotic twinning have remained relatively constant over time and population, whereas dizygotic twinning (DZ) rates have declined in past decades until the end of the 1970s. [10] [11] [12] Since then an increased incidence of DZ has been observed, probably due to the widespread use of ovulation induction treatment and assisted reproductive technologies as well as higher maternal ages. 6 13 14 Multiple births are associated with higher risks for mother and child, such as shorter gestation, preterm delivery, low birth weight, perinatal death, social challenges. [15] [16] [17] Our hypothesis was that frequency of twin births is higher in women residing in an area environmentally affected by toxic waste incineration and other industries. The exposed study region is situated in the east Rhine Valley with several municipalities located around a toxic waste incinerator (TWI) and industrial sites. This region is also intensively used for agriculture, including home grown food. One comparison region is 20 km north of the incinerator in the Rhine Valley and is also characterised by industrial and agricultural production (Rhine Valley control, RVC). The third region is located in the southeast behind low mountains that separate it from the industrial area (Odenwald control, OWC).
To test the hypothesis, we used a two staged approach. Initially, we investigated whether women residing around the TWI had a higher prevalence of twin births. As part of a longitudinal study in children, we conducted a crosssectional reproductive survey in their mothers, including a retrospective ascertainment of past pregnancies and fertility treatments. 18 After preliminary reports, it was questioned whether our findings could be generalised to birth experiences in that region. Hence, we supplemented our study with a second investigation and examined perinatal data that are routinely collected by the Hessian Perinatal Survey (HEPS). 19 We analysed HEPS data using postal codes of the residence as a proxy measure for exposure to the TWI.
METHODS

Environmental epidemiological study on reproduction
Study population
After obtaining permits from the Data Protection Agency, the human subject review board, the Ministry of Cultural Affairs of Hesse, and from the local school committees, parents of all 1091 second grade school children in 18 townships were asked to participate in a human biomonitoring study. The townships/primary schools were selected with respect to the willingness of the local school committees to cooperate. Furthermore, in each school at least one complete 2nd grade school class was expected to participate. After informed consent, we recruited children and their mothers from nine townships/schools in the TWI, five in the RVC, and four in the OWC region (fig 1) . All mothers were asked to participate in the interview on reproduction.
Questionnaire
We interviewed the mothers on their reproductive history in 1994-95 with a standardised questionnaire that has been used in the European Study on Infertility and Sterility (ESIS). 20 We determined outcomes of each pregnancy, Abbreviations: DZ, dizygotic twinning; EES, environmental epidemiological study; ESIS, European Study on Infertility and Sterility; HEPS, Hessian Perinatal Survey; MZ, monozygotic twinning; OWC, Odenwald control; PCA, postal code area; RVC, Rhine Valley control; TWI, toxic waste incinerator fertility problems, and whether the mother or her partner ever searched for medical help to conceive. The mothers were also asked about their age at childbirth, parity, and nationality (German or otherwise).
Perinatal survey data
Data collection and study design
The Perinatal Surveys, established in all federal states of Germany, serve quality assurance purposes in obstetrics and neonatology. The HEPS is a nearly complete investigation of deliveries and births from all obstetric clinics in the state of Hesse. The data include information on pregnancy, mode of delivery, and medical condition of the newborn and the mother. 21 In cooperation with the Hessian Institute of Quality Assurance, which is responsible for management and analysis of HEPS, and after obtaining permission from their Board of Experts, we analysed HEPS data covering the years 1994-97 from all participating hospitals. During this period in the whole state of Hesse, three obstetric departments with up to 2000 births per year did not contribute to the HEPS since participation in the Perinatal Survey was voluntary up to the year 1997. Two of these hospitals were located in the north of Hesse and one in Frankfurt. Additionally, home deliveries were not reported in the HEPS (estimated 500-1200 per year). Thus, the data included 94.9-96% of all births in Hesse (approximately 60 000 per year).
Within HEPS, residences of women who delivered are coded with a five digit postal code. For reasons of protection of privacy only the first three digits can be used for statistical analysis. To assign each woman to one of the regions covered in the environmental epidemiological study (EES), we used postal codes of the 18 townships. For our study, we included pregnancy data from the Perinatal Survey whenever the maternal residence at time of delivery had the same first three digits of the postal code. Out of the complete HEPS from 1994 to 1997 (236 383 births), data sets from 6133 children (2.6%) could not be assigned to any of the three digit postal codes, probably due to changes in coding patterns in 1994.
Some communities in the TWI and RVC regions that participated in the EES share the same three digit postal code. To separate the TWI and RVC region by postal codes in the best possible way we assigned these two EES regions to four postal code areas (PCA 1-4, fig 1) . Postal code area 1 (PCA 1) covered the north of the Rhine-Valley, including the RVC group. The neighbouring, southeastwards PCA 2 included a mixed group with townships from the RVC region and TWI region. The hazardous waste incinerator is located in this area (fig 1) . Eastwards, adjacent to PCA 2, PCA 3 covered parts of the TWI region. PCA 4 was divided into smaller parts, of which only the most eastern part included one township of the TWI region. The Odenwald control group (OWC) belonged to two PCAs (5 and 6), which were combined to one reference in statistical analysis because of small numbers in area 6.
In this part of the study, we investigated whether twin births were more frequent in industrialised regions of the Rhine Valley (PCAs 1-4) than in the combined reference region in the Odenwald (PCAs 5-6), with little or no industry. Triplet births were excluded from the analyses.
Statistical analysis
For HEPS data and separately for each year, we tested differences in the twinning incidence in each of the PCAs compared to the reference using x 2 tests. We applied multiple logistic regression for the pooled data (1994-97), adjusting for mother's age (years), parity (nulliparous, primiparous, multiparous), and nationality (German versus non-German). Statistical analysis of the reproductive data from the environmental epidemiology study was conducted with Twin births in different regions of South Hesse, GermanySAS, 22 while the HEPS data were computed with SPSS for Windows. 23 
RESULTS
Environmental epidemiological study
Of the 1091 second grade children in the 18 communities, 671 participated (61.5%). Reproductive interviews were conducted with 639 mothers (95.2%). Of these, three mothers were never pregnant, and one mother was pregnant but did not have a live child. Maternal age at time of the interview ranged from 26 to 49 years; 90.7% of the mothers were German and 9% were of another nationality.
Twin births had occurred in 23 mothers, and one mother had two occurrences of twin births. Of the mothers residing in the TWI region 5.3% had twins (n = 18), 1.6% in the RVC region (n = 2), and 2.3% in the OWC region (n = 4) (table 1). For fertility assessment or treatment no differences were identified in the three regions (table 1) . Of the mothers who underwent fertility treatment in the TWI region, 5.7% (2 of 35) gave birth to twins, compared to 5.2% (16 of 305) of the mothers in this region who did not undergo fertility treatment. With respect to the total group, the prevalence of twinning is not significantly higher in the mothers who were medically assisted (4.5%) versus mothers who were not (3.7%). If only mothers with spontaneous twinning were included in the analysis, the regional differences with higher twinning frequency in the TWI region persisted (table 1) .
Perinatal survey data
The sample covered approximately 93% of all deliveries with postal codes in the region of interest in South Hesse. Some pregnant women residing in the selected PCAs might have delivered in Heidelberg, which is located in the neighbouring federal state of Baden-Württemberg (fig 1) . The number of births from 1994 to 1997 in each PCA ranged from approximately 300 to 1700 per year (table 2) .
We observed significant differences in twinning frequencies to the reference area in PCA 1 in 1997 and in PCA 2 in 1995 and 1996 (fig 2) . Also after pooling the data from 1994-97, we noted that twin births were significantly more frequent in PCA 1, 2, and 3 which were part of the industrialised Rhine Valley* compared to the combined reference areas 5 and 6 corresponding to the Odenwald (table 2, fig 1) . Triplets (n = 6) occurred only in PCA 2 in 1995 and 1996 (n = 1 and n = 2, respectively), as well as in PCA 3 in 1994 and 1996 (n = 1 and n = 2, respectively).
Higher order multiple births were not reported.
For logistic regression analyses, we pooled data of the four years and excluded triplets. We statistically controlled for mother's age, parity, and nationality. In the industrialised PCA 2, where the TWI is located, twins were born twice as often as in the reference area (OR = 2.03, 95% CI 1.28 to 3.22, fig 3, table 3) ; this difference is significant. Mother's age at birth was a significant risk factor; each additional year increases the OR by 1.04 (95% CI 1.01 to 1.07). Primiparous women showed a non-significant lower risk for twinning (OR = 0.78, 95% CI 0.59 to 1.02), whereas in multiparae the odds ratio decreased significantly compared to nulliparae (OR = 0.62, 95% CI 0.42 to 0.93). Twinning was not statistically significantly associated with nationality (OR = 1.05, 95% CI 0.78 to 1.41).
DISCUSSION
First, the environmental investigation supported our hypothesis that residing in the vicinity of a toxic waste incinerator may be associated with more multiple births. Second, Perinatal Survey data (HEPS) provided additional evidence of an increased relative risk of twinning in this region comparing industrialised versus less industrialised postal code areas (PCAs).
Information from the mothers of the second grade children (7-10 years) who participated in the environmental study represented their lifetime prevalence of twinning. Maternal age and the recall period did not differ systematically between the three regions in the environmental study, corresponding to the fact that all mothers had at least one child in the second grade. Thus, there is no indication that a selection or information bias might have caused the observed differences. Compared to the perinatal data, the time window in the environmental epidemiological study, however, was wider than the time window of the HEPS (1994-97) and represented events that occurred before 1995. Hence, with regard to the time window, both parts of the investigation are supplemental.
For the perinatal analysis, we only had a proxy criterion (a three digit postal code) to define residence in the exposed region. Thus, findings based on the HEPS suffer from exposure misclassification that is likely to introduce an underestimation of the association of interest. Nevertheless, the presented data indicate that residing in an industrial area may be a risk for multiple births. In this respect, it is of importance that the Rhine Valley, a diameter of approximately 30 km, is bordered with low mountains on both sides. The region frequently has an inversion layer so that air pollution remains in the valley. Following the main wind direction in the Rhine Valley, air pollution travels from south to north, from heavily industrialised regions around Mannheim and from the TWI region to the PCA 1 and 2, and western parts of PCA 3 (fig 1) .
The higher incidences of twinning are greatly consistent over the four birth cohort years (1994-97). Additionally, it is remarkable that in two of the four potentially exposed PCAs, the incidence of twinning increased from 1994 to 1997 (fig 2) .
A limitation of the environmental study is that we did not further specify the diagnostic fertility procedures or treatments. There is evidence that ovulation induction and assisted reproduction are the main contributors to increasing rates of multiple births. 1 5 14 However, there is no reason to suspect that the use of fertility services is a confounder since it is equally distributed in the three EES regions of interest (table 1) . If only the mothers without a history of reproductive medical assistance are considered, the prevalence of spontaneous twinning was highest in the TWI region as well. It seems unlikely that assisted reproduction contributes to our findings in the EES.
In the HEPS data both spontaneous and assisted twin births were included, since information about ovulation induction therapy, assisted reproductive techniques, and medication was not provided. Consequently, neither rates of induced versus spontaneous twinning nor possible regional differences in utilisation of assisted reproduction Figure 2 Twinning frequencies in five regions of South Hesse (Hessian Perinatal Survey 1994-97). p = probability compared to the reference (x 2 test).
Figure 3
Odds ratios and 95% confidence intervals for twin births adjusted for age of the mother, parity, and nationality in five regions of South Hesse (data from Hessian Perinatal Survey pooled for 1994-97).
Twin births in different regions of South Hesse, Germanycould be assessed from these data. However, we excluded mothers with triplets from the analyses of HEPS data due to the probability of a higher proportion of ovulation induction or assisted reproduction techniques leading to higher order multiple births. 13 Between 1994 and 1997 only six triplets were born in PCA 2 and 3. With inclusion of these mothers the estimated odds ratios for multiple births do not change essentially (changes in OR from 2.03 to 2.10 in PCA 2 and from 1.77 to 1.82 in PCA 3). Given the rare occurrence of spontaneous higher order multiples, the finding might indicate a higher proportion of assisted twinning in the industrialised regions of PCA 2 and 3 compared to the other PCAs but it would not explain the magnitude and higher twinning rate in PCA 1. Additionally, in HEPS no information was available on potential migration for delivery of multiples to neighbouring federal states.
Another limitation is that both data sources do not provide information on whether the twins were monozygotic or dizygotic. It is likely that DZ increased, as monozygotic twinning (MZ) rates seemed to remain constant over time, 3 5 or increase only slightly. 24 Multiple births are rarely investigated in environmental health studies. 9 The evidence of increased incidence of multiple births around waste incinerators is not consistent. In Scotland in the early 1980s women around two hazardous waste incinerators showed higher twinning rates. 7 25 In Belgium, investigators found a 2.6-fold higher probability of having multiple births among inhabitants near household waste incinerators. 9 26 A Swedish study found no general increase of twin births around 14 incinerator plants before and after commissioning. 8 In conclusion, considering the increased health risks of multiple births, such as preterm delivery, lower birth weights, and a higher perinatal mortality, 2 the suggested associations between exposure to industrial pollutants, in particular incineration facilities, and the increase in twinning rate emphasise the importance of future investigations. Also, an increase in the incidence of multiple births may reflect the impact of exposure to environmental factors, that might also have other hidden health effects. We suggest further employment of existing data sources such as the Perinatal Surveys or birth registries. Additionally, there is a need to improve exposure approximation. Even without reidentifying individual births, it should be possible to provide more detailed postal code information for statistical analyses as was shown elsewhere. 27 Further, information about the type of twins (monozygotic or dizygotic) can provide understanding on whether endocrine disruption due to environmental exposure, 28 29 potentially resulting in more DZ 30 31 or rather environmental stress to the oocyyte, leading to MZ, may explain the association. More generally, our findings point to the importance of further biomonitoring studies on the health impact of environmental pollution which should include not only exposure but also effect parameters. 
